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1  | INTRODUC TION










2008;	 Roodbergen	 et	al.,	 2012).	 Low	 breeding	 success	 is	 caused	




agricultural	 practice	 and	 climate,	 affecting	 the	 survival	 of	 young	
(Kleijn	 et	al.,	 2010;	 Schroeder	 et	al.,	 2012).	 Young	 waders	 have	
to	 find	 their	 own	 food,	 and	due	 to	 high	 energy	 requirements	 and	
poor	abilities	to	save	energy,	they	operate	within	narrow	energetic	
margins,	 for	 example,	 a	 balance	 between	 quantity	 and	 quality	 of	
food	 (Schekkerman	&	Visser,	 2001;	Maier,	 2013).	 To	 this	 array	 of	
parameters	 influencing	wader	 populations,	we	 included	 change	 in	




parameter,	 although	a	 straightforward	 relationship	between	nutri-
ents	and	amount	of	invertebrate	food	for	young	cannot	be	expected	
(Schekkerman	 &	 Beintema,	 2007).	 Outside	 the	 breeding	 season	
during	migration	and	at	wintering	sites,	several	wader	species	stage	
and	 forage	 in	 marine	 estuaries	 and	 along	 coasts	 that	 are	 influ-
enced	by	nutrients	(Vitousek,	Mooney,	Lubchenko,	&	Melillo,	1997;	
Windolf,	Blicher-	Mathiesen,	Carstensen,	&	Krovang,	2012).




populations	 (Frederiksen,	 Wanless,	 Harries,	 Rothery,	 &	 Wilson,	
2004;	 Schroeder	 et	al.,	 2012;	Maier,	 2013).	However,	 few	 studies	
have	demonstrated	 for	climate	change	 that	demographic	variables	
determine	 population	 size	 (Dunn	 &	Møller,	 2014;	 Robinson	 et	al.,	
2014;	Stephens	et	al.,	2016).	Attempts	to	make	integrated	analyses	
of	the	relative	contributions	of	multiple	factors	accounting	for	such	























wader	 species	 during	 1928–2014	 at	 the	 nature	 reserve	 Tipperne,	
Denmark,	 and	 during	 1978–2014	 at	 the	 nature	 reserve	 Vejlerne,	
Denmark.
2  | METHODS
2.1 | Sites, wader species, and study periods





of	 seven	 species:	 Oystercatcher	 Haematopus ostralegus,	 lapwing	
Vanellus vanellus,	black-	tailed	godwit	Limosa limosa,	redshank	Tringa 
totanus,	 dunlin	 Calidris alpina,	 ruff	 Philomachus pugnax,	 and	 avo-













territories.	 In	 1965–1985,	 breeding	 birds	 giving	 alarm	 calls	 were	
mapped	 together	 with	 nests.	 From	 1986,	 breeding	 waders	 were	
mapped	from	a	distance	with	a	telescope	(60×	magnification)	sup-
plemented	with	mapping	 events	 of	warning	birds.	 These	methods	
were	grouped	in	three	categories	and	entered	in	the	statistical	analy-
ses	 as	 a	 factor	with	 the	 following	 levels:	 nest	 search,	 nest	 search	
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and	territory	mapping,	and	territory	mapping	and	telescope	use.	A	
detailed	description	of	 the	 census	methods	 is	 given	 in	Supporting	
information	Appendix	S1.
2.3 | Climate
Climate	 estimated	 as	 long-	term	 change	 in	 precipitation	 and	 tem-
perature	together	with	groundwater	level	is	known	to	affect	breed-
ing	 wader	 populations	 (Thorup,	 1998;	 Bellebaum	 &	 Bock,	 2009;	
Schroeder	et	al.,	2012;	Maier,	2013).	We	used	mean	of	daily	maxi-
mum	air	temperature	(°C)	in	April	and	sum	of	monthly	precipitation	
for	March,	 April,	 and	May	 (mm,	 data	 from	Danish	Meteorological	
Institute).	 We	 used	 data	 on	 climate	 measured	 at	 a	 local	 coastal	
weather	 station	at	Vestervig.	Groundwater	at	Tipperne	and	water	




Data	 on	 fertilizer	 from	 farmland	 in	 Denmark	 were	 estimated	 for	
1928–2014	 as	 the	 annual	 amount	 of	 outlet	 of	 total-	N	 (tons)	 to	
coastal	waters	 (Conley	et	al.,	2007)	and	updates	by	Hansen	(2011)	










taining	 populations	 of	 breeding	 waders	 while	 predators	 reduce	
breeding	 success	 (Thorup,	 1998;	 Bellebaum	&	Bock,	 2009;	Maier,	






We	 analyzed	 the	 effects	 of	 foxes	 on	 nest	 predation	 (Thorup,	
1998;	Kjeldsen,	2008).	Information	about	fox	abundance	was	taken	






























Area grazed No. of cattle Amount   No. of foxes Amount Temperature Year
fertilizer     rain
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one	 of	 them	 incorporating	 the	 first-	order	 autoregressive	 cor-
relation	 structure	 for	 year	 and	 the	 other	 one	 without	 it.	 We	
compared	both	models	using	ANOVA	and	 likelihood-	ratio	 test	
(LRT)	 to	 evaluate	 which	 model	 performed	 better	 (Pinheiro	 &	
Bates,	2000).	All	 analyses	 showed	evidence	of	 temporal	 auto-
correlation	(all	p <	0.01).	Hence,	we	used	GLS	that	 incorporate	
the	 first-	order	 autoregressive	 correlation	 structure	 for	 year	
to	 evaluate	 for	 each	 wader	 species	 seven	 predictors	 explain-






predictors	were	 standardized	 to	 a	mean	of	 zero	and	SD =	1	 to	
ensure	that	all	variables	being	at	the	same	scale	and	the	inter-
cept	being	interpretable.	Residuals	of	each	model	were	visually	
inspected	 for	 deviation	 for	 normality	 using	 normal	 QQ	 plots,	
and	 heteroskedasticity	 was	 also	 visually	 inspected	 with	 plots	
of	residuals	against	the	fitted	values.	We	built	models	for	long-	
term	 and	 short-	term	 data	 at	 Tipperne	 and	 short-	term	 data	 at	












3.1 | Effect size, environmental change, and species 
at Tipperne during 1928–2014
Overall	 effect	 size	 weighted	 by	 (N–3)	 was	 on	 average	 +0.033	
(SE =	0.016),	 N =	147,	 marginally	 differing	 from	 zero	 (t =	2.02,	
df =	146,	 p =	0.045).	 There	 was	 no	 significant	 difference	 in	 ef-
fect	size	between	the	two	sites	 (F =	0.254,	df =	1,	145,	 r2 =	0.00,	
p =	0.615	(Figure	2)).
Effect	 size	did	not	differ	 significantly	 among	 species	 (F =	1.08,	
df =	6,	 140,	 r2 =	0.0003,	 p =	0.377).	 The	 four	 largest	 effect	 sizes	
were	 for	 foxes	 reducing	 the	 short-	term	 abundance	 of	 avocet	 at	
Vejlerne	(r =	−0.552,	t =	2.90,	df =	26,	p =	0.0074),	rain	increasing	the	
long-	term	 abundance	 of	 lapwing	 at	 Tipperne	 (r =	+0.427,	 t =	3.58,	
df =	66,	 p =	0.0077),	 temperature	 increasing	 the	 long-	term	 abun-
dance	of	godwit	at	Tipperne	(r =	+0.412,	t =	3.44,	df =	66,	p =	0.001),	
and	foxes	reducing	the	short-	term	abundance	of	lapwing	at	Vejlerne	
(r =	−0.339,	t =	3.42,	df =	26,	p =	0.0021).	Short-	term	effect	size	for	
godwit	 at	Vejlerne	 increased	with	 nutrients	with	 a	 large	 effect	 of	
+0.468,	 t =	2.476,	 df =	26,	 p =	0.020,	 and	 avocet	 in	 the	 long	 term	
at	 Tipperne	 likewise	 had	 a	 strong	 positive	 effect	 size	 of	 +0.313,	
t =	2.655,	df =	66,	p = 0.0099.
Effect	 size	 differed	 significantly	 among	 environmental	 vari-
ables	 (Figure	3;	 F =	5.797,	 df =	6,	 140,	 r2 =	0.16,	 p	<	0.0001).	 The	
interaction	between	species	and	environmental	variables	was	also	
statistically	 significant	 (Figure	3;	 F =	3.415,	 df =	36,	 140,	 r2 =	0.44,	
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3.2 | Correlations between effect sizes at different 
sites and in periods of different duration
For	 the	 data	 from	 Tipperne,	 there	 was	 a	 positive	 correlation	 be-
tween	 short-	 and	 long-	term	 effect	 sizes	 (Figure	 3a;	 F =	10.187,	
df =	1,	47,	r2 =	0.16,	p =	0.0025,	estimate	(SE) =	0.334	(0.105),	effect	
size	+0.42).	Thus,	population	changes	have	been	parallel	at	short	and	
at	 long	 terms.	 Similarly,	 there	was	 a	 positive	 correlation	 between	
short-	term	effect	size	at	Tipperne	and	short-	term	effects	at	Vejlerne	




The	main	 findings	 of	 this	 long-	term	 study	of	 population	 trends	 of	
breeding	waders	at	two	nature	reserves	in	Denmark	since	1928	and	
1978	were	significant	 impacts	of	multiple	components	of	environ-






the	north	 to	West	Africa	 in	 the	south	 (Bønløkke	et	al.,	2006).	The	
long-	term	time	series	dating	back	to	1928	allowed	us	to	test	for	het-
erogeneity	 in	 strength	 of	 the	 relationship	 between	 abundance	 of	
breeding	waders	and	multiple	components	of	environmental	change.	
In	 particular,	 we	were	 able	 to	 rank	 environmental	 components	 in	
terms	 of	 importance.	 We	 found	 no	 significant	 difference	 among	
species	 in	effect	 size,	but	we	documented	 significant	heterogene-
ity	 among	 environmental	 factors,	 and	 these	 effects	 varied	 among	










mate	 change	 (Dunn	&	Møller,	2014;	Stephens	et	al.,	 2016).	Arrival	
date	 and	early	breeding	 in	waders	 are	 clearly	 affected	by	warmer	
temperature	 in	 spring,	 although	 altered	 by	 agricultural	 practice	
(Petersen,	Meltofte,	 &	 Tøttrup,	 2012;	 Schroeder	 et	al.,	 2012).	We	
showed	considerable	 fluctuations	 in	breeding	populations	of	wad-
ers	 at	 Tipperne	 since	 1928,	 explained	 by	 spring	 temperature	 and	
in	 particular	 precipitation.	We	 documented	 a	mean	 effect	 size	 of	
+0.197	(SE =	0.040)	for	spring	precipitation	and	a	weaker	effect	size	

















1985;	Kleijn	 et	al.,	 2010).	We	 found	 evidence	 of	 a	weak	mean	 ef-
fect	of	the	number	of	cattle	on	population	size	of	different	species	




a	mean	 effect	 of	 +0.031	 (0.030).	 This	 implies	 that	 the	 number	 of	
breeding	waders	improved	marginally	with	the	area	grazed	by	cattle.
We	analyzed	the	effects	of	foxes	on	population	size	of	breed-
ing	 waders	 that	 mainly	 act	 through	 effects	 on	 nest	 predation	
and	 to	a	smaller	extent	on	predation	on	adult	birds	 (Beintema	&	
Müskens,	 1987;	 Meisner	 et	al.,	 2014).	 We	 expected	 that	 foxes	
would	negatively	impact	population	trends	of	waders.	Indeed,	we	
found	an	expected	mean	effect	of	−0.106	 (0.050).	A	 total	 of	16	
Variable Mean SE Wilcoxon W N p
Year −0.014 0.053 −9,330 21 0.13
Amount	of	
fertilizer
+0.024 0.033 4,075 21 0.51
Area	grazed +0.031 0.030 33,871 21 <0.0001
No.	of	cattle −0.032 0.026 −47,365 21 <0.0001
No.	of	foxes −0.086 0.041 −76,427 21 <0.0001
Temperature +0.110 0.044 82,291 21 <0.0001













There	 was	 a	 negative	 impact	 of	 foxes	 on	 waders,	 as	 shown	 by	
Roodbergen	et	al.	(2012).




(0.033),	which	was	 not	 significantly	 different	 from	 zero.	Here,	we	
documented	two	relatively	large	effects.	We	found	that	effect	size	
for	godwit	at	Vejlerne	 increased	with	fertilizer	use	with	a	 large	ef-
fect	size	of	+0.468,	 t =	2.476,	df =	26,	p =	0.020,	and	avocet	 in	 the	
long-	term	at	Tipperne	 likewise	had	a	strong	positive	effect	size	of	
+0.313,	 t =	2.655,	df =	66,	p =	0.0099.	Tipperne	and	 the	 surround-
ing	Ringkøbing	Fjord	are	strongly	impacted	by	drainage	from	Skjern	
River,	which	 transports	huge	amounts	of	nutrients	 from	 large	sur-
rounding	agricultural	areas	(Petersen	et	al.,	2008).
This	study	has	significant	future	prospects.	First,	we	only	an-






as	 foxes,	 and	management	 of	 vegetation	 as	 affected	by	 grazing.	
Clearly,	most	nature	reserves,	often	small	in	size,	will	be	impacted	
by	a	number	of	factors	related	to	environmental	change,	but	also	




In	 conclusion,	 we	 have	 analyzed	 unique	 long-	term	 data	 on	
breeding	 populations	 of	 waders	 with	 the	 longest	 time	 series	
starting	 in	 1928.	When	 analyzing	 the	 relationship	 between	 the	
abundance	 of	 breeding	waders	 and	multiple	 components	 of	 en-
vironmental	 change,	 we	 found	 significant	 evidence	 of	 effects.	
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